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Abstract 
Integrated Gasification Combined Cycles are energy systems mainly composed of a gasifier and a combined cycle power plant. 
Since the gasification process usually requires oxygen as an oxidant, an air separation unit is also part of the plant. Moreover, a 
producer gas cleaner unit is always present between the gasifier and the gas turbine. 
With respect to Natural Gas Combined Cycles, IGCCs are characterized by a consistent loss in the overall plant efficiency due to 
the conversion of the raw fuel in the gasifier and the electrical power parasitized for fuel production which considerably reduce 
the plant net electric power. Moreover, since these plants are based on gas-steam combined cycle power plants they suffer from a 
reduction in performance (a further net power decrease) when ambient temperature increases. Regarding this latter topic, 
different systems are currently used in gas turbine and combined cycle power plants in order to reduce gas turbine inlet air 
temperature, and, therefore, the impact of ambient conditions on performances. 
In this paper, a review of these systems is presented. Both systems based on water evaporative cooling and on refrigeration by 
means of absorption or mechanical/electrical chillers are described. 
Thermodynamic models of the systems are built within the framework of a commercial code for the simulation of energy 
conversion systems. A sensitivity analysis on the main parameters is presented. Finally, the models are applied to study the 
capabilities of the different systems by imposing the real temperature profiles of different sites for a whole year. 
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Selection and peer-review under responsibility of ATI NAZIONALE. 
Keywords: Integrated Gasification Combined Cycles; Power Augmentation; Inlet Air Cooling; 
* Corresponding author. Tel.: +39 051 2093318; fax: +39 051 2093313.
E-mail address: francesco.melino@unibo.it 
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
Selection and peer-review under responsibility of ATI NAZIONALE
1266   Andrea De Pascale et al. /  Energy Procedia  45 ( 2014 )  1265 – 1274 
1. IGCC Technology 
Integrated Gasification Combined Cycles (IGCC) technology [1] uses solid and/or liquid fuels – typically coal, 
petroleum coke, petroleum residue, biomass or a blend of these fuels – in a power plant that leverages the 
environmental benefits and thermal performance of a gas-fired combined cycle. A simplified layout of the IGCC 
system is shown in Figure 1.  
In an IGCC gasifier, a solid or liquid fuel is partially oxidized with air or high-purity oxygen (produced by an air 
separation unit - ASU). The resulting hot, raw “syngas” – an abbreviation for synthesis gas – consists of carbon 
monoxide (CO), CO2, hydrogen gas (H2), water, methane (CH4), hydrogen sulphide (H2S) and other sulphur 
compounds, nitrogen gas (N2) and argon (Ar). After it is cooled and cleaned of particulate matter and sulphur 
species, the syngas is fired in a gas turbine (GT). The hot exhaust from GT passes to a heat recovery steam generator 
(HRSG), where it produces steam that drives a steam turbine (ST). 
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Fig. 1. IGCC system layout 
Nomenclature 
C compressor 
CAC continuous absorption cooling 
CC combustion chamber, or combined cycle 
CCC continuous compression cooling 
COP coefficient of performance 
HPF high pressure fogging 
HRSG heat recovery steam generator 
IGCC integrated gasification combined cycle 
GT gas turbine 
NGCC natural gas combined cycle 
OS overspray 
RH relative humidity 
ST steam turbine 
TEC traditional evaporative cooling 
 
The use of a gas/steam combined cycle (CC) helps gasification-based power systems to achieve competitive 
power generation efficiencies [2], despite energy losses during fuel conversion, in the gasification system and in the 
air separation unit in oxygen-blown systems. In a typical IGCC unit, about 60 % of the net power output is generated 
by the GT unit and about 40 % by the ST section. State-of-the-art IGCC configurations for bituminous coal are 
expected to achieve overall thermal efficiencies in the range of 8300-9000 Btu/kWh, comparable to supercritical 
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pulverized coal units [3]. By removing the pollution-forming constituents from the pressurized syngas prior to 
combustion in the power block, IGCC plants can meet extremely stringent air emission standards. 
Nevertheless, the core component of a IGCC plant remains the GT, which typically undergoes significant ambient 
derating phenomena; in order to improve GT performance, several power augmentation technologies are available 
and their effect should be also considered in combination with the IGCC arrangement. 
2. Basics of GT power augmentation technologies 
In a GT, the loss in its performance (decreased power output and poor fuel efficiency) with the increase of 
ambient temperature becomes a key problem especially considering that the peaks of electricity demand often occur 
during the middle of the day and/or summer months. 
Main inlet air cooling methods implemented and/or developed include traditional evaporative systems, inlet 
chilling, high pressure fogging and overspray. All these strategies do not involve  GT modification or re-design.  
In the following, a brief overview regarding  both the influence of ambient conditions on GT and CC performance 
and the basics of available GT inlet air cooling technologies are presented. 
2.1. Influence of ambient conditions on GT and CC power plants 
Ambient conditions (temperature, pressure and relative humidity) affect GT efficiency and power output in both 
simple cycle or CC applications. The main influence on GT or CC performances is caused by ambient temperature. 
Ambient pressure and relative humidity (RH) effects could be considered less important. Considering a GT simple 
cycle, a power loss of about 0.50 ÷ 0.90 % occurs for every 1 °C of temperature rise [4] and about 0.10 % of ISO 
value for every 1 mbar of pressure decrease [5]; for a variation of 1 percentage point in RH, a change of less than 
0.01 % in GT power output is expected. Despite this, RH is a key parameter for GT inlet air cooling in the case of 
evaporative methods (as explained in the following sections). Moreover, ambient pressure or RH variations are not 
linked to particular sites and that they do not much depend on the season (as for ambient temperature). When 
dealing with the whole CC, an increase in ambient temperature and/or RH causes an increase in the condensing 
pressure and, consequently, a decrease in the plant power output [6]. 
2.2. Compressor inlet air cooling strategies 
There are several strategies to counteract the GT derating due to high ambient temperatures [8–42], by cooling 
the inlet air at GT compressor. The available technologies are divided into two main categories: “continuous cooling 
systems” and “evaporative cooling systems”, as described below: 
x continuous cooling systems: the air cooling is realized by placing a heat exchanger upstream of the compressor in 
the GT inlet duct. Water or other refrigerant fluids can operate as cold source, both in open or closed circuit. In 
the second case, a refrigerant plant is required. The most common realizations of these systems are based on 
compression or absorption chillier, with or without thermal energy storage systems; 
x evaporative cooling systems: the principle of these systems consists in cooling air by water evaporation. There 
are two main strategies to realize evaporative cooling systems on the basis of the method of putting air and water 
in contact: traditional systems, in which the air is forced through a wetted honeycomb (placed in the GT 
compressor inlet duct) and fogging systems, that use a spray system. Hybrid systems, instead, combine the 
concept of evaporative cooling with other types of heat exchanger (usually rotary heat exchanger). 
2.2.1 Continuous cooling with open cycle 
In this system, water from an external source (river, lake or sea) is exploited as cold source for the GT inlet air 
cooling, by placing a heat exchanger in the GT compressor inlet duct. The main advantage of this strategy is the 
simplicity of the realization, but the cooling potential of this system strictly depends on the temperature of the water 
from the external source and then on the climatic conditions of the site. Moreover, the use of a heat exchanger 
introduces an additional pressure loss into the compressor inlet duct. This system has no practical applications and is 
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not considered in this study. Instead, continuous cooling with closed cycle has practical importance, with 
compression chilling or with absorption chilling, examined in the following sections. 
2.2.2 Continuous cooling with compression chiller  
In these systems, the compression chiller makes use of a heat exchanger circulating a refrigerant fluid, placed in 
the GT compressor inlet duct. The compressor can be driven by a mechanical or electric driver: part of the output 
power has to be used to feed the cooling auxiliaries, e.g. refrigerant and oil pumps and cooling tower [8-14].  
In this continuous cooling strategy the GT inlet air is cooled reaching the saturation condition without changing 
its specific humidity. Extra cooling may further reduce temperature, but condensed water should be removed before 
the GT compressor. A significant advantage of the continuous cooling strategy is that it is possible to cool air down 
to temperature values not dependent on ambient humidity conditions [13, 14]. 
2.2.3 Continuous cooling with absorption chiller  
Absorption chiller has been successfully applied to provide cooling on many GT installations for a number of 
years [43]. The system can cool the inlet air to about 10 °C. The heat source can be gas, steam, hot water or GT 
exhaust gases. Electric power is still needed to drive the pumps, condenser fans and other auxiliaries [13, 14]. 
For simple cycle GTs, a significant amount of energy is wasted with the exhaust gases. It would be beneficial if 
this energy could be utilized for some useful purpose. The exhaust gases could be directly used as a heat source for 
the regenerator or they could be used to produce steam or hot water with the help of a heat exchanger at the turbine 
exhaust. However, care should be taken when steam or hot water usage requires the addition of a heat exchanger or 
heat transfer sections in the HRSG, because additional pressure drops through these sections are realized. These 
pressure drops can be significant in the case of CC units when the sections are installed as retrofits, since the 
complete plant design is not optimized.  
2.2.4 Continuous cooling with thermal energy storage 
Thermal energy storage can be applied both to compression and absorption chilling. This cooling technique 
requires to form and store a cold reserve (ice or cold water) in off peak hours, used to cool inlet air in peak hours 
[9,15]. Thermal energy storage is economically useful only for few hours a day and especially if the difference 
between the economic value of peak hour electric energy and off peak electric energy is high. Although a relevant 
temperature reduction can be realized during certain periods, the average power output improvements are limited. 
The investment cost and plant complication is enormous in comparison with evaporative cooling systems. Ice is 
often an optimum storage media because its energy holding capacity is several times that of other commonly used 
fluids (chilled water and other fluids). However, these systems may require larger storage capacity and therefore 
their use can be limited for high cooling load applications. 
2.2.5 Traditional Evaporative cooler systems 
In this system, water is brought in contact with the incoming air through the use of wetted honeycomb media in 
the GT compressor inlet duct. The cooling effect of the inlet air is provided by water evaporation, however it is not 
possible to reach the wet bulb temperature: a media cooler has an evaporative effectiveness equal to about 90 - 95 % 
[16]. In general, the achievable temperature drop is a function of the equipment design (surface area of water 
exposed to the air, residence time, etc.) and of ambient conditions.  
2.2.6 Evaporative hybrid systems 
These systems use the typical treatments of the air conditioning plant. In these systems an adiabatic 
dehumidification is firstly realized by using a rotating wheel. This rotating wheel is regenerated by using the GT 
exhaust gasses. Air is then adiabatically saturated. These systems, studied only from a theoretical point of view, 
have no practical applications due to the high pressure losses in both inlet and outlet duct. Moreover, it is not simple 
to match the residence time required by the rotating wheel and the incoming air velocity. 
2.2.7 Fogging systems 
This is a method [17-20] where demineralized water is converted into a fog by means of special atomizing 
nozzles operating at high pressure (from 70 bar up to 200 bar). The cooling effect is provided by water evaporation. 
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This means that an adiabatic saturation of inlet air mass flow rate occurs in the GT inlet duct. The effect of the 
adiabatic saturation is to cool the air from the dry bulb temperature to the wet bulb temperature. This means a value 
of cooling efficiency close to 100 %. With this strategy, the amount of injected water is strictly necessary for air 
saturation and water evaporation is completed before air enters into the compressor [21,22]. Depending on the 
injected water amount and injection location, three different fogging strategies could be distinguished: 
x high pressure fogging (evaporative fogging) [23-25]: in this case the amount of injected water into the 
compressor inlet duct is strictly necessary for air saturation. With this strategy, water evaporation is completed 
before the air enters into the compressor; 
x overspray fogging (wet compression) [26-31]: the total injected water is more than the amount required for air 
saturation. Obviously, a percentage of water in a liquid phase (usually less than 2% of saturated air flow) will 
enter into the compressor where the evaporation continues; 
x fog intercooling (interstage injection) [32]: with this method, the water injection is realized (exclusively or in 
combination with one of the previous techniques) through the compressor stator blades. The effect of water 
injection is quite similar to that of a traditional intercooling compression. 
 
The choice among all the available inlet cooling techniques is not simple, because many parameters (i.e., ambient 
air temperature, RH, air flow to GT power output ratio and number of hours per day in which the power boost is 
needed) should be considered [33, 34]. 
On the basis of the available literature references [10-43], it can be seen that among all the inlet cooling 
technologies, inlet fogging (both high pressure fogging and overspray) has seen large-scale applications, over the 
past few years;   this is due to the advantage of low values of first-cost, compared to the other techniques, including 
both traditional evaporative cooling systems and continuous cooling systems. Indeed, the fogging systems result in a 
minimal impact on Engineering, Procurement and Construction costs. Additionally, inlet fogging is the only option 
that provides a small improvement in heat rate, while all the other options affect the GT performance. The highest 
return on equity could be obtained by combining inlet fogging and supplemental firing in the HRSG. In recent years, 
several CC power plants utilizing advanced technology GTs and peaking power units adopted fogging as a power 
augmentation strategy. It is estimated that there are over 1000 GTs using inlet fogging or overspray worldwide. 
Jones and Jacobs [44] have presented a detailed informative study on the available options for enhancing CC 
performance. Their study also included an economic assessment considering a CC plant consisting of two GE 
PG7241(FA) GTs, two unfired three pressure-level HRSGs, and one GE D11 reheat condensing ST with wet 
cooling tower. Inlet fogging was found to be least sensitive to variations in the economic parameters as a result of its 
insignificant impact on off peak period plant performance combined with low initial investment and modest gain in 
incremental peak period power generation. 
3. Model development and analysis 
In this section, a numerical investigation of various GT inlet cooling technologies applied to IGCC power plants 
is presented. The software Thermoflow [7] is used to build a numerical model, taking into account a commercial GT 
unit. The considered GT, included in the Thermoflow library [7], is a Mitsubishi 701 F, characterized by a power 
output equal to 271.69 MW, an LHV efficiency equal to 38.4 %, a turbine inlet temperature equal to 1399 °C and a 
pressure ratio equal to 17. The HRSG is characterized by three pressure levels at 124.0 bar, 23.6 bar and 2.4 bar. For 
the steam cycle, a cooling tower is assumed, with a pinch point temperature difference with respect to dew point 
temperature equal to 5 °C. Cooling water is assumed to increase its temperature by 10 °C. A condensation pressure 
of 0.05 bar is imposed. Turbine isentropic efficiency is assumed equal to 90 %. The considered gasifier technology is 
Texaco (General Electric), which is an entrained flow gasifier. The working pressure and temperature are assumed 
equal to 42 bar and 1314 °C, respectively. The outlet syngas temperature is 815 °C at the radiative exchanger outlet 
section, while it is 150 °C at the convective exchanger outlet section. The water concentration in the slurry is 
assumed to be 20 %. For gas clean up, no gas shift is considered and therefore there is no CO2 removal. The air 
separation unit working pressure is assumed equal to 5 bar. An analysis of the plant at ISO conditions is performed 
by setting the parameters as mentioned above. The results in terms of the main features are reported in Table 1. 
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Table 1. Plant summary at ISO conditions 
Net fuel input [kW] 855006 
Coal mass flow [kg/s] 40.1 
Gross power [kW] 417696 
Gas turbine [kW] 240996 
High Pressure Steam turbine [kW] 44234 
Mid Pressure Steam turbine [kW] 69464 
Low Pressure Steam turbine [kW] 68249 
Total auxiliaries [kW] 39751 
Net power [kW] 377946 
Gross electric efficiency (LHV basis) [%] 48.9 
Net electric efficiency (LHV basis) [%] 44.2 
4. Model application 
The developed model is then applied to the following power augmentation technologies: 
x traditional evaporative cooling (TEC): an evaporative cooler/fogger module is added at the gas turbine inlet. An 
effectiveness of 90 % is set and a pressure loss of 1 % is considered. Water is supplied by a pump at 3.5 bar; 
x high pressure fogging (HPF): a fogger module is added at the gas turbine inlet. An effectiveness of 97 % is set 
and a pressure loss of 1 % is considered. Water is supplied by a pump at 200 bar; 
x overspray (OS): a fogger module is added at the gas turbine inlet. An overspray ratio with respect to saturated air 
flow of 2 % is set and a pressure loss of 1 % is considered. Water is supplied by a pump at 200 bar; 
x continuous compression cooling (CCC): an electric chiller module is added at the GT inlet in order to reach a 
temperature of 15 °C. A COP of 4.5 is set. A pressure loss of 1.3 % is considered. In order to avoid liquid water 
entering the compressor a moisture separator module is inserted downstream of the electric chiller; 
x continuous absorption cooling (CAC): an absorption chiller is added at the GT inlet, to reach a temperature of 15 
°C. A COP of 0.67 is set. The absorption chiller is fed by GT exhaust gas. A pressure loss of 1.3 % is considered 
both at the GT inlet and exhaust. A moisture separator module is used downstream the absorption chiller. 
The design of all the systems is carried out at ambient temperature of 40 °C and RH= 60 %. Then the systems are 
simulated in off-design conditions by varying ambient temperature and RH. All the considered technologies are 
enabled only when ambient temperature is  > 15 °C. Basic economic considerations on the system profitability are 
carried out assuming: (i) peak hours run from 8:00 a.m. to 7:00 p.m. Monday to Friday, (ii) the value of electric 
energy in peak hours is 100 €/MWh, while in off peak hours it is 50 €/MWh, (iii) the price of coal is 100 €/t and (iv) 
extra costs for maintenance are not considered. 
4.1. Systems characterization 
In order to allow the application of the model to the different locations plant performance maps of the five 
cooling systems are built. Two properties are mapped as a function of the ambient temperature and relative 
humidity: (i) plant net power output and (ii) plant coal requirement. The results are reported in Fig. 2 for the net 
power output. The behavior of the plant net power is linear when evaporative systems are of concern; the slope of 
the curve is higher when higher RH is considered. In the case of cooling technologies the effect of power 
augmentation is lower when high temperature and high RH are considered. This can be due to the fact that the 
system (designed for a temperature of 40 °C and RH= 60 %) cannot allow the achievement of the target temperature 
of 15°C. At high levels of RH, TEC and HPF do not have effect on net power. CAC provides a net power gain with 
respect to the base case (IGCC in Figs. 2 and 3) only for high temperature and low RH.  
Figure 3 shows the coal requirement for the different power augmentation technologies. It can be highlighted that 
the increase in net power output is achieved despite an increase in coal requirement. The saturation effect in the 
chilling technology application is highlighted: the coal requirement is constant and equal both in CCC and CAC and 
then a bifurcation appears when for the highest relative humidity the coal requirement decreases. 
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Fig. 2. Plant net power as a function of ambient temperature and relative 
humidity 
Fig. 3. Coal requirement as a function of ambient temperature and 
relative humidity 
4.2. Location characterization 
The model presented in [45] is used to calculate the ambient temperature on hourly basis shown in Fig. 2. The 
model starts from (i) the maximum temperature of the considered day, (ii) the minimum temperature of the 
considered day and the day after and (iii) sunrise and sunset, and then calculates the temperature profile by using two 
sine-wave functions during daylight and a square-root decrease in temperature at night. According to literature, the 
water content in the air can be considered constant during the day [9,46]. Consequently, relative humidity is 
calculated by starting from the measured daily average dew point temperature. Hourly RH is the ratio between the 
actual vapor pressure in the air (at dew point temperature) and the saturated vapor pressure (at actual temperature). 
Four different locations are chosen in order to evaluate the performance of the cooling system in different 
climatic conditions: Darwin (Australia), Dubai (UAE), Ferrara (Italy), Johannesburg (South Africa). These locations 
have been chosen in order to create a group of cities representative of hot/warm locations in all the continents where 
cooling systems can be installed. Climatic data are collected from [47] and are elaborated as presented above. 
Sunrise and sunset are calculated by starting from the city coordinates with a standard astronomic algorithm. The 
results of the elaboration are shown in Fig. 4, where the maps of the ambient temperature and RH are presented for 
the four cities. Darwin and Dubai are the hottest localities, characterized by high temperatures throughout the year. 
Darwin is characterized by a higher level of RH than Dubai. Johannesburg and Ferrara are the coldest localities. 
5. Model application 
The maps presented in the previous section are used in order to calculate the performance (net power output and 
coal consumption) of the plant in the four different locations for an entire year. The annual IGCC produced energy is 
compared in Fig. 5 with the values produced when the different cooling technologies are applied in the different 
investigated locations. Figure 6 shows the annual fuel energy consumption. 
The overall results are summarized in Tab. 2 in terms of the net electrical energy produced in both peak and off-
peak hours. It can be seen that all the power augmentation systems, except the continuous absorption cooling as 
previously mentioned, allow an increase in the electrical energy produced both in peak hours and in off peak hours. 
The best performance is achieved in the case of OS, while the performance of TEC, HPF and CCC are 
comparable. In the case of Darwin and Dubai only, CCC performs better than the evaporative cooling technologies 
(TEC, HPF, OS) in peak hours. This is due to the fact that Darwin and Dubai are characterized by very high 
temperatures. Therefore, though humidity is low as in the case of Dubai, turbine inlet temperature is higher than the 
temperature of 15 °C achieved by the CCC system. Due to the fact that the increase in electrical energy production is 
obtained through higher coal consumption, the annual average efficiency decreasing for all the power augmentation 
strategies. 
Table 3 shows the cash flows of the base case and their variations when the three power augmentation strategies 
are considered. As highlighted when dealing with the analysis of electricity production, in general evaporative 
cooling technologies allow the achievement of higher differential cash flows with respect to continuous cooling. 
Also in this case, Dubai represents an exception since CCC is characterized by the highest differential cash flow. 
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Fig. 4. Climatic data elaboration for the four locations 
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Fig. 5. annual produced energy (IGCC with and without inlet cooling 
technologies) 
Fig. 6. annual fuel energy consumption (IGCC with and without inlet 
cooling technologies) 
Table 2. Annual electrical energy produced. 
 Electrical energy [TWh/yr] Electrical energy [TWh/yr] Electrical energy [TWh/yr] 
 P OP Tot. P OP Tot. P OP Tot. P OP Tot. P OP Tot. P OP Tot. 
 IGCC TEC HPF OS CCC CAC 
Da. 0.97 2.07 3.04 1.01 1.03 3.17 1.03 2.17 3.18 1.01 2.38 3.39 1.03 2.15 3.18 0.92 1.94 2.86 
Du. 0.94 2.01 2.95 0.96 1.00 3.00 1.00 2.08 3.05 0.96 2.22 3.18 1.00 2.11 3.11 0.88 1.88 2.76 
F. 1.05 2.21 3.26 1.13 1.07 3.29 1.07 2.22 3.29 1.13 2.32 3.45 1.07 2.23 3.30 1.01 2.12 3.13 
J. 1.03 2.21 3.24 1.14 1.05 3.29 1.05 2.25 3.30 1.14 2.38 3.52 1.05 2.22 3.27 0.96 2.09 3.05 
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Table 3. Economic results. 
 IGCC TEC HPF OS CCC CAC 
 Cash Flow Diff. Diff. Diff. Diff. Diff. 
 [M€/yr] [M€/yr] [M€/yr] [M€/yr] [M€/yr] [M€/yr] 
Darwin 82.8 3.3 3.7 10.4 3.8 -10.2 
Dubai 78.8 2.1 2.4 3.2 3.6 -12.6 
Ferrara 90.3 1.0 1.2 5.3 1.1 -6.4 
Johannesburg 89.4 1.3 1.6 7.5 1.0 -0.9 
6. Conclusion 
A review of GT inlet air cooling systems has been presented. Both systems based on water evaporative cooling 
and on refrigeration by means of absorption or mechanical/electrical chillers are described. Thermodynamic models 
of the systems have been built within the framework of a commercial code and applied to study the capabilities of 
the different systems by imposing the real temperature profiles of different sites for a whole year. The analyses 
showed that evaporative cooling proved to be a reliable option for power augmentation in IGCC. CCC proved to be 
better than evaporative cooling in terms of differential cash flow in the case of very high temperatures only. 
Future developments of this work can be represented by the implementation of the thermal energy storage and the 
consideration of the energy consumption for the demineralization of the water used in evaporative cooling systems. 
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